Ringing involves excitation of transient structural deflections at (or close to) structural frequency arising at the third-harmonic of incident wave field. Ringing waves are highly nonlinear containing strongly asymmetric transient waves and hence the shape of such waves becomes critical. This study develops mathematical formulation of impact waves responsible for ringing and examines their influence on offshore tension leg platforms (TLPs) with different geometric configurations located at different water depths. Based on the numerical studies conducted, it is found that the ringing response seen in pitch degree-of-freedom poses threat to platform stability. Also, undesirable response seen in stiff degree-of-freedom, like heave, emphasizes the necessity of the study for offshore compliant structures in deep waters, in particular.
INTRODUCTION
Real irregular sea may contain transient waves capable of causing impact on offshore structures encountering them. Asymmetric shape of such impact waves that are highly nonlinear has been observed by several researchers (see, for example, Kim and Zou 1995; Kim et al. 1997) . Researchers (Jefferys and Rainey 1994; Faltinsen et al. 1995) reported ringing response with a primary focus on large volume structures that are dominated by wave diffraction inertial-type loading and minimally affected by drag forces. Consequently, all of these studies are concerned with slender cylinders of TLPs and gravity based structures (GBS). Other studies (Malenica and Molen 1995; Natvig 1994) described these phenomena on the basis of nonlinearities of order higher than two. They included third order nonlinearity in their diffraction force models, often referred to as FNV and MM models, but they were very cumbersome for practical applications. Gurley and Kareem (1998) showed that viscous loads are also capable of inducing ringing response in members with large wavelength-to-diameter ratios, where instantaneous moment acting on the cylinder is a quadratic function of wave elevation. Precursors of ringing can thus be identified as: (i) generation of high-frequency forces necessitating the presence of steep, near-vertical wave fronts; and (ii) a resonant build-up due to subsequent loading within the structure's time period. This could be realized by setting the dominant wave frequency as several times that of the structure's frequency. Though offshore deep water platforms like TLPs are generally designed to keep their structural frequencies several times above the dominant wave frequency, ringing occurs well above the incident wave frequency and is close to structural frequency. As a result, ringing shall not only cause total breakdown of these platforms even in moderate storms but can also hamper daily operations and lead to fatigue failure (see, for example, Winterstein, 1988; Chandrasekaran and Anubhab, 2005) . It is clear from the above discussions that ringing response of offshore compliant structures is of research interest and only limited studies are reported in the literature. Based on their critical review, objectives of the current study are set as follows: i) to present mathematical development of impact waves that cause ringing; and ii) to study their influence on offshore TLP with different geometric configurations located at different water depths.
MATHEMATICAL DEVELOPMENT
Generating ringing waves from currently available wave theories and random wave elevation spectrums suffer potential difficulties namely: (i) shape of experimentally observed ringing waves differ from theoretically predicted ones; (ii) absence of a systematic method to categorize such steep, irregular and asymmetric waves; as well as (iii) insufficiency of these theories to generate extreme waves that shall cause the required impact forces (Zou and Kim, 2000; Seyul Son, 2006) . These limitations restrict the use of existing theories for generation of ringing waves. Due to this fact, several researchers (see, for example, Ronalds and Stocker, 2003; Chandrasekaran and Gaurav, 2008) have successfully simulated impact waves using Airy's wave theory and dynamic Morison equation for the analysis of offshore compliant structures. In the current study, ringing waves are generated using Airy's wave theory from a random sea surface elevation using modified Pierson Moskowitz (PM) spectrum. The original spectrum, which is a function of wind velocity is modified as function of modal frequency and later modified as function of significant wave height and modal frequency as given by Michel (1999) . For ringing to be present in the considered sea state, the dominant wave frequency should be several times higher than the surge natural frequency; hence modal frequency used in PM spectrum is chosen to be about five times that of the surge natural frequency. The modified one parameter formula given by Eqn (1) is used.
( 1) where g is acceleration due to gravity, ω m is the modal frequency (taken as 0.46 rad/s) and S ηη is the power spectral density of wave height. Wave elevation, η(t) is given by:
where ω i are discrete sampling frequencies, ∆ω i = ω i − ω i−1 , n is the number of data points and φ i are random phase angles. For generating ringing waves at an arbitrary time t 0 , φ i is chosen in the range [0, 0.01] at time t = t 0 . Eqn (2) is subsequently modified as given below:
Wave height for the ringing wave is generated using modified Fourier transform of the wave spectrum suggested by Kriebel and Alsina (2000) . For P r = 85.5% and P t = 14.5% and random phase angles chosen as explained above, wave elevation is given by:
where, x c is the location where wave components converge, t c is the time at which various components coalesce and k n is the wave number. Figure 1 shows the PSD and the time history of the ringing wave thus generated.
A A rn r n tn t n
EXAMPLE COMPLIANT STRUCTURE
TLPs are widely used as deep water offshore compliant structures. Triangular TLPs may have advantages over square TLPs in deep water oil explorations, being more transparent to waves (Chandrasekaran and Jain, 2000a, b) . However, ringing response of such structures is relatively absent in the literature. In order to illustrate the application of the present formulation, triangular TLP developed earlier by Chandrasekaran and Jain (2002a) is chosen. Equivalent triangular configurations are arrived by considering two cases namely: i) Total initial pretension is kept same for both geometries (Case I); initial pre-tension per tether is kept equal for two geometries (Case II). Platform considered in the study, shown in Figure 2 , is a rigid body having six degrees-of-freedom. Geometric and structural properties of TLPs are given in Table 1 and 2, respectively. Hydrodynamic coefficient of drag (C d ) and inertia (C m ) used in Morison equation are asserted to be independent of the wave frequencies. C d is taken as unity while C m is assumed to vary along the water depth and is interpolated for the entire water depth using a second-degree polynomial as given below: (6) where, y is the water depth measured from sea bed; p 1 , p 2 and p 3 are coefficients used for interpolation, given in Table 3 In Eqn (7), x · ,x ·· are horizontal structural velocity and acceleration, u · ,ü are horizontal water particle velocity and acceleration, ρ is mass density of sea water and D c is diameter of pontoons, respectively. As there is no significant variation in water depth for the pontoons at the bottom, constant C d (as 1.0) and C m (as 2.0) values are used for them. The last term in Eqn (7) is the added mass term due to variable 
where a 0 and a 1 are damping constants. Eqn (10) is orthogonal as it permits modes to be uncoupled by eigenvectors associated with the undamped eigen problem. Damping constants are determined by choosing fractions of critical damping (ξ 1 and ξ 2 ) at two different frequencies (ω 1 & ω 2 ) and solving the following simultaneous equations:
Free vibration analysis is performed to determine natural frequencies (ω 1 & ω 2 ) corresponding to surge and yaw degrees-of-freedom. In the current study, values of the coefficients (a 0 = 0.007; a 1 = 0.037) are obtained by considering 5% damping ratio. Damping ratios maintain reasonable values for all other modes that contribute significantly to the response (Chopra, 2003) . Eqn (9) is solved in time domain by employing Newmark's integration scheme by taking α = 0.25 and δ = 0.5. Solution procedure incorporates nonlinearities arising from the following namely: i) stiffness coefficients varying with tether tension; ii) added mass incorporating variable submergence; as well as iii) evaluation of wave forces at instantaneous position of the displaced platform, considering the fluidstructure interaction. For dominating dynamic response, behavior under ringing waves becomes nonlinear and at each step, components of Eqn (9) are updated. Ten terms in the power series are found to be sufficiently adequate to give convergence in the iterative scheme. The time step ∆t = 0.01s is relatively small in comparison with the natural period (T n ) and hence yielded accurate values for the response. Figures 3-6 show the response of triangular and square TLPs in time and frequency domain. From  Figures 3-6 (a,c) , existence of ringing type behavior in heave and pitch (more prominently) degreesof-freedom can be clearly seen; no such behavior is observed in the surge degree-of-freedom. A brief investigation of these figures clearly underlines the inherent ringing-inertness of TLPs with triangular 140, 200, 350, 420 , and 480 seconds, compared to only two major buildups shown by the corresponding triangular TLP (Case I) near times 340, and 410 seconds. Case II shows similar trends in terms of occurrences of such kind of response. Another observation can be made regarding the peak heave response. While triangular TLPs show lesser magnitude of response in both cases, Case I shows lesser peak response compared to Case II. Pitch shows a more classical type of ringing response: rapid build-up of response followed by a gradual decay. However, triangular TLPs still depict smaller amplitude response compared to the corresponding square ones. Similar trends can be observed for the second TLP example. Table 4 summarizes the peak responses. It can be seen from Table 4 that maximum heave and pitch responses of triangular (both cases) are lesser than half of square TLP; although surge response is more in triangular, numerical values are rather comparable to those observed in square TLP. Due to this reason, maximum dynamic strain (ratio of maximum tether tension to tether length) is greatly reduced in triangular configuration as the maximum tether tension primarily depends on both heave and surge displacements. For increased water depth (from 600 m to 1200 m), this ratio remains same for square whereas it reduces considerably for triangular ones.
NUMERICAL STUDIES AND DISCUSSIONS
Response characteristics of two cases of triangular TLPs are now compared. From Figures 5-6 , it can be seen that heave does not show any build-ups for Case I, while surge and pitch responses for both cases are equivalent. It is seen from Table 4 that for TLP 1 , although maximum heave response is greater for Case I, maximum surge response is higher for Case II; whereas for TLP 2 , maximum heave response is considerably lesser for Case I compared to Case II, making maximum dynamic strain greater for Case II in both triangular TLPs. Peak responses are observed at almost similar frequencies for both the cases. Since ringing is essentially a resonance-type response, it becomes important to address the stability of the solutions. Square TLPs have been long studied both numerically and experimentally, and their general stability is well established. A sharp ringing type behavior observed in triangular TLP in pitch (Figures 3-6(c) ) further strengthens the requirement to perform a stability check by plotting phase portraits (Figures 7-8) . As it can be observed from these figures, solutions for all the three degrees-of-freedom are stable and have a stable, attracting focus at the origin. Therefore, even though the responses show initial instabilities due to highly nonlinear ringing waves, they remain bounded for all times. Further, triangular configuration (Case I) showed superiority to Case II as their maximum surge displacements are even lesser than the square ones resulting in even lower maximum dynamic strains. Although this was not unexpected because of the reasons discussed earlier, this study strengthens the inherent intuition by presenting concrete numerical results. 
CONCLUSIONS
A detailed procedure for generation of highly nonlinear impact sea-waves, able to induce ringing type behavior in offshore compliant structures is presented along with the method of analysis. Example TLPs of two geometries are studied to illustrate the influence of ringing waves. Numerical studies conducted show advantages of using triangular platforms over the square ones. It is observed that it is possible to reduce the maximum heave response by as much as 14.8 times (in TLP 2 , comparing Case I with square). This is important as the maximum heave response can directly affect the working conditions on the platform. Although surge displacements are greater in triangular TLPs (Case II) compared to square, they are comparable (maximum being 1.15 times in TLP 2 comparing case II with square). Consequently, maximum dynamic strain in tethers is reduced by as much as 2.6 times (in TLP 2 , comparing case I with square). Frequency responses are observed to be almost the same for all cases, indicating that all platforms showed ringing as the peaks are not observed near the corresponding natural frequencies.
